were detected above the biofuels.
Introduction
Combustion and gasification of biomass play an increasingly important role in the energy industry [1] . The chemical composition of biomass, in particular chlorine, sulfur and alkali metals, however, evokes ash-related operational problems, such as fouling, corrosion and agglomeration, as well as potentially hazardous emissions [2] . The efforts to understand the underlying chemistry and abate these issues involve investigating the gas-phase reactions of the ash-related species after their release from the solid fuel. While the secondary reactions are rather well understood, more knowledge is needed about the primary reactions, those that occur directly after volatile release, close to the burning fuel [3] . Process gas temperature and concentration of major combustion/gasification species, such as water vapor (H2O), are important parameters for reliable quantification of the gas-phase compounds, and may serve as input to particle and kinetic models.
Strategies to tackle the above mentioned research questions include thermochemical conversion of single biofuel particles in well controlled and characterized laboratory flames or reactors [4] [5] [6] [7] [8] . In such experiments, the combustion process (drying, devolatilization, char combustion) occurs on the order of seconds or minutes (depending on the particle size and oxidizing conditions), during which the particle itself and the surrounding atmosphere will undergo large and fast changes in temperature and composition. A suitable analytical technique to detect volatile species in close proximity to the particles should be able to accurately measure in situ, in real-time (sub-second time resolution), and in a wide dynamic range, preferably without frequent calibration procedures. Robust techniques are required since the measurement may involve the harsh environment of a flame, temperatures up to 1700 K, high soot concentrations and the presence of ash particles.
Optical methods are promising tools to investigate the dynamic behavior of molecular and atomic species in combustion environments [9, 10] . One of the most established optical techniques to meet the requirements identified above is laser-based absorption spectroscopy, in particular tunable diode laser absorption spectroscopy (TDLAS) [11, 12] , which is frequently applied in combustion research and industry for thermometry and determination of species concentration [13] [14] [15] . The gas temperature can be inferred by probing two or more molecular transitions, whose line strengths exhibit different temperature dependencies [16, 17] . Robust, low-cost two-line thermometry with TDLAS is a viable alternative to thermocouples (TCs) in 3 harsh and high temperature environments. Line-of-sight (LOS) methods are of advantage when the scope of the investigation includes (potentially pressurized) reactor facilities with limited optical access [14] .
The most basic TDLAS approach, direct absorption spectroscopy (DAS), often lacks sufficient sensitivity and baseline stability. Wavelength modulation spectroscopy (WMS) [18] can improve sensitivity and robustness (by noise reduction), but requires calibration procedures for both species and temperature quantification, which can be difficult in practical applications.
Recently, several approaches for calibration-free WMS (CF-WMS) have been suggested [19] [20] [21] [22] [23] [24] [25] , usually based on normalizing nf-WMS with 1f-WMS signals to account for instrumentation factors and a wavelength dependent laser intensity. CF-WMS systems were successfully employed for temperature and concentration measurements in shock-tubes [26] , engines [27] , scram-jet combustors in the presence of inhomogeneously distributed temperature and species concentration [28] , and in coal-fired high pressure combustion facilities [29] . So far, most implementations of CF-WMS used two lasers to probe and analyze transitions in different wavelength regions, and focused on recovering DAS lineshapes for conventional two-line thermometry via the peak values or integrated absorbances of the absorption lineshapes.
Here, we present a compact wavelength-scanned CF-WMS sensor based on a single diode laser that simultaneously obtains temperature and H2O concentration from a curve fit to a group of H2O absorption lines using spectroscopic data available from the HITRAN database and literature. The information about the analyte can be extracted based on measurements of (i) the laser intensity without target species absorption (background signal), (ii) the laser intensity with target species absorption (analytical signal including the background), and (iii) the frequency response of the laser to the scan across the group of absorption lines. A laboratory-scale furnace, denoted single pellet reactor (SPR), was used to validate the system performance and to study atmospheric biomass combustion. In a first demonstration of the applicability of the sensor, H2O concentration and gas temperature above burning biomass pellets were measured as a function of combustion time and height above pellet (HAP).
Calibration-free wavelength modulation spectroscopy scheme
The wavelength-scanned CF-WMS scheme presented in this work ( Fig. 1) is based on the approach introduced by Sun et al. [24] and extended to spectral lineshape fitting by Goldenstein et al. [25] . This CF-WMS method offers the well documented advantages of (i) being valid at 4 any modulation amplitude and optical depth (as long as Beer-Lambert's law is valid), (ii) incorporating the actual, measured frequency dependent background signal into the simulated absorption, which avoids the need to model the scanned and modulated laser intensity, and (iii)
processing both simulated and measured laser intensities with the same digital lock-in amplifier and low pass filter, which eliminates the need for the Fourier series formalism to simulate the WMS signals, and facilitates multi-harmonic detection [30, 31] . In WMS, the laser current is varied by both a low frequency scan and a high frequency sinusoidal modulation, so that the frequency of the laser light, ν(t), is given by
where νS(t) is the frequency response of the laser scan, am(t) the (nonlinear) modulation amplitude, fm the modulation frequency, and θ allows for a phase shift between the laser intensity and frequency modulation. Using Beer-Lambert's law, the intensity of the analytical signal after passing the target region can be written as 
where IBG(ν) is the frequency dependent background signal in the absence of the analyte and αA(ν) represents the absorbance due to the analyte. The background signal, which includes unwanted frequency dependent losses, such as absorption by other species and etalon effects, is measured separately. In general, the absorbance, α(ν), due to a target species with relative concentration, c, along the LOS can be described as
where P is the pressure (atm), L the absorption path length (cm), S(νj, T) the line strength (cm -2 /atm) of the j-th transition at frequency νj and temperature T (K), and χ(νj, c, P, T) is the lineshape function (cm). For a given temperature, the line strength can be calculated using the partition function [32] . The measured background and simulated absorbance, αSim(ν), are combined to yield a simulated laser intensity
In the CF-WMS scheme, the simulated and analytical intensities are then both processed by the same digital lock-in amplifier that extracts the WMS signals according to [24] 
The obtained simulated wavelength-scanned 1f-normalized 2f-WMS signal is least-squares fitted to the analytical 2f/1f-WMS spectrum with the species concentration, the temperature and the nonlinear modulation amplitude as free parameters. Since the laser frequency response to the scan can be nonlinear for some lasers, the modulation amplitude is allowed to change as a function of time (frequency). The phase shift, θ, is obtained from the algorithm prior to the fit by comparison between the simulated and analytical laser intensities. In case the collisional broadening parameters are not well known, the integrated absorbance of the simulated DAS signal can be used as suggested by Goldenstein et al. [25] .
In the present work, to realize the described CF-WMS scheme, we employ H2O transitions previously identified as promising for two-line thermometry [16] , together with HITRAN 2012 spectroscopic data [33] and self-broadening temperature dependence coefficients available from the literature [16] . The line parameters are listed in Table 1 WMS method, it still represents the sensor's sensitivity to temperature changes. At temperatures below 450 K, the temperature sensitivity is high, but the H2O detectability decreases due to the decreasing peak line strengths. At temperatures above 2600 K, the peak ratio is not particularly sensitive to temperature changes, which makes accurate measurements difficult. Thus, the selected H2O absorption lines are suitable in the temperature range from 450 to 2600 K. A more detailed characterization of this CF-WMS scheme and a performance evaluation of the sensor up to 2100 K will be given in a separate work. Connected to an analytical balance (the sample holder hanging on the balance), the SPR can also be used as a macro thermogravimetric analyzer (macro-TGA) to record the pellet weight loss during the combustion process. The SPR was previously employed to study effects of pelletizing conditions and raw material properties on combustion behavior [5, 8] .
Biomass characteristics
Two different, pelletized fuels of relevance for the energy industry were used in the present study, one softwood derived fuel consisting of whole trees (stems) with bark, denoted energy wood (EW), and a fuel containing agricultural residues, called wheat straw (WS). These fuel types differ in chemical composition with respect to ash content as well as form and relative content of major ash forming elements K, Ca, Mg, P, S, Si and Cl. The moisture content of EW and WS, determined by standard wet chemical analysis (Bioenergy2020 laboratories, Graz, Austria), was 6.4 % and 10 %, respectively, while the (chemical bound) hydrogen content was about 6 % for both fuels. The pellets were of cylindrical shape with diameters 8 mm and 6 mm, and lengths 16 mm and 8 mm for EW and WS, respectively. The initial weights of the pellets 9 used in the combustion experiments were 835±5 mg for EW and 245±5 mg for WS. Pelletized biomass was chosen to simulate realistic combustion conditions, although the larger particle size complicates the interpretation of the results as physical properties of the pellets (e.g. size,
heating rate, radial temperature gradient and chemical composition) change during combustion.
Sensor validation and evaluation
The temperature sensor performance was validated by measuring in the H2O-seeded SPR in the range 670 to 1220 K. For these measurements, the thermocouple was situated in the gas flow above the steel cylinder and close to the laser beam (as shown in Fig. 3b ). The carrier gas was nitrogen, and the flow rate was 6 liter/min to ensure optimal operation of the nebulizer. The Res.
Wavenumber / cm 
Single biomass pellet combustion experiments
Single biofuel pellets were combusted in the SPR at a set temperature of 1123 K and an ambient In Figs. 6a and 7a , the set temperature of the SPR (open square markers) and the actual temperature of the carrier gas flow (solid circular markers) around the pellet are indicated. Since the carrier gas flow was introduced to the SPR in a stainless steel tube close to the reactor heating elements, its temperature was higher than the reading of the TC, which, in the pellet experiments, was located in the center lower part of the furnace to avoid being influenced by the flame. The actual flow temperature was estimated from the TC reading after lowering the SPR furnace to its closed position. The temperature of the gases in the furnace then equilibrated, leading to an instantaneous rise of the TC reading to about 1170 K. 14 combustion zone. As expected, this effect is less pronounced the higher the HAP and for WS due to the smaller particle size. In the char combustion phase, the temperature above the pellet decreases almost to the carrier gas flow temperature, but is still slightly higher because of the heat released by the glowing pellet. The released H2O originates mostly from the fuel moisture.
The measured H2O concentration time histories displayed in Figs. 6b and 7b are similar for the two fuels, and vary only slightly with HAP. The reason for this may be that the released H2O did not participate in gas-phase reactions over the investigated range of HAPs. In general, the measured gas temperatures and moisture evaporation behavior agree well with single biomass particle combustion simulations [34] .
The total amount of H2O released from the pellet was estimated from the integrated H2O concentration time history using the ideal gas law and assuming a homogeneous water and temperature distribution in the entire flame. The total measured amount of released H2O was found to be a factor of 2.4 higher than the initial moisture content in EW pellets, whereas it was a factor of 1.3 higher for WS. Additional H2O may have been produced by combustion reactions of chemically bound hydrogen. This is supported by the fact that for EW pellets somewhat more water was observed with increasing HAP, where more oxygen is available due to diffusion from the carrier flow. The pellets could also have absorbed moisture from ambient air during storage in the laboratory. On the other hand, farther away from the pellet, a part of the water may have already diffused from the flame. Also, an initial loss of moisture from the pellet surface during sample insertion into hot SPR, prior to the start of the measurement, cannot be excluded.
Further, systematic investigations are needed to better characterize the biomass flame and understand volatile release during combustion.
Conclusions
Accurate real-time data on temperature and H2O concentration in combustion environments are desirable for both fundamental research and industrial monitoring. In this work, we present and demonstrate a TDLAS sensor based on a single DFB-laser and CF-WMS that accurately retrieves path-averaged H2O/temperature information from hot gases without calibration.
Assuming that the spectroscopic data of the measured H2O transitions are well known, concentration, gas temperature and (nonlinear) modulation amplitude can be obtained by recording the laser scan frequency response and the modulated laser intensities with and without analyte. The described scanned-wavelength CF-WMS scheme, where simulated 1f-normalized 15 2f-WMS spectra of a group of lines are least-squares fitted to measured 2f/1f-WMS signals, can readily be applied to detection of other species.
The operation of the compact and robust sensor is demonstrated in a water-seeded laboratoryscale furnace and above burning biomass particles in the temperature range 470 to 1600 K, in the presence of ~0.1 to 40 % water vapor, and at absorption path lengths between 2 and 20 cm.
The sensor is well suited for in situ H2O/temperature detection in close proximity to biomass particles during thermochemical conversion. Given that atomic and molecular absorption line strengths depend on temperature, the sensor will aid accurate TDLAS-based quantification of relevant compounds in combustion and gasification research, such as alkali metals, which, in turn, will facilitate investigation of ash-chemistry in biomass combustion processes.
